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The common assumption that the seed failure in interploidy crosses of flowering plants is due to parental genomic imprinting is based on
vague interpretations and needs reevaluation since the general question is involved, how differentiation is timed so that cell progenies, while
specializing, pass through proper numbers of amplification divisions before proliferation ceases. As recently confirmed, endosperm
differentiation is accelerated or de-accelerated, depending upon whether polyploid females are crossed with diploid males, or vice-versa.
Unlike the zygote, the first cell of the endosperm is determined to produce a tissue that successively induces growth of maternal tissues,
stimulates and nourishes the embryo, and finally ceases cell cycling. Altered timing of endosperm differentiation, thus, perturbs seed
development. During fertilization, only the female genomes contribute cytoplasmic equivalents to endosperm development so that in
interploidy crosses, the initial amount of cytoplasm per chromosome set is altered, and due to semi-autonomy of cytoplasmic growth, altered
numbers of division cycles are needed to provide the amount of cytoplasmic organelles required for differentiation. Cytoplasmic semi-
autonomy and dependence of differentiation on an increase in cytoplasm has been shown in other tissues of plants and animals, thus,
revealing a common mechanism for intracellular timing of differentiation. As demonstrated, imprinted genes can alter the extent of cell
proliferation by interfering with this mechanism.
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Introduction sperm (see Birchler, 1993; Scott et al., 1998). The theory ofIn most flowering plants, the seeds develop abnormally
and often abort if parents with differing ploidy are crossed.
During the 1930s, this ‘‘ploidy barrier of hybridization’’
emerged as a challenging problem because it occurs even if
diploids are crossed with their autotetraploids so that parental
differences in gene quality appeared to be excluded as a
possible cause (Mu¨ntzing, 1930; Thompson, 1930). To
explain the phenomenon, various theories were developed
that include altered extracellular signaling due to disturbed
ploidy relationships between the tissues involved in seed
development and inappropriate levels of ploidy in the endo-0012-1606/$ - see front matter D 2004 Elsevier Inc. All righs reserved.
doi:10.1016/j.ydbio.2004.03.014
* Corresponding author. Fax: +49-2461-612690.
E-mail addresses: wangenheim@web.de (K.-H. von Wangenheim),
h.-p.peterson@fz-juelich.de (H.-P. Peterson).
1 Present address: Division BIO, Project Management Organization,
Research Center Ju¨lich, D-52425 Ju¨lich, Germany. Fax: +49-2461/612690.altered extracellular signaling was definitely ruled out by
showing in Solanum that seeds with doubled ploidy of
endosperm and embryo, that arise due to the functioning of
unreduced embryo sacs, develop well on diploid females
when pollinated by a tetraploid male (von Wangenheim,
1957, 1961), and that it does not matter to endosperm and
seed development whether the embryo is only haploid or
missing (von Wangenheim et al., 1960). In maize, Lin (1984)
drew the same conclusions from normal development of 6x
endosperms and 3x embryos on diploid (ig/ig) females. The
theory of inappropriate levels of ploidy was ruled out by
investigating seed development in diploid–tetraploid crosses
of Oenothera hookeri in which case, due to haploid second-
ary embryo sac nuclei in that species, the endosperms are
triploid in both directions of the cross but display the
characteristic deviations from normal development (von
Wangenheim, 1962).
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mic organelles embedded in it. The latter cannot be con-
structed de novo by the cells (Alberts et al., 1994). An early
proposal (vonWangenheim, 1957) was that the seed failure in
interploidy crosses is caused by shifts in the initial quantity of
cytoplasm per nuclear chromosome set. This was based on
the fact that, during fertilization, only the female chromo-
some sets contribute cytoplasmic equivalents to endosperm
development. However, this proposal has been believed to be
disproved by Lin (1984). Yet, this was due to the assumption
that in maize, the diploid ig/ig females would contribute only
the ‘‘diploid’’ amount of cytoplasm to endosperm develop-
ment when the gametophyte produces supernumerary polar
nuclei. This led to the suggestion that the reason for seed
failure is caused by parental genomic imprinting, which is the
commonly accepted view (Baroux et al., 2002; Charlton et
al., 1995; Haig and Westoby, 1991; Leblanc et al., 2002;
Vinkenoog et al., 2003). Due to this view and possibly also
due to diverging use of the term differentiation and to the
misleading concept of the nucleocytoplasmic ratio theory
(Hertwig, 1908), little attention has been paid to the evidence
pointing to the importance of quantitative cytoplasmic-nu-
clear interactions in the control of development.
In the following, we review evidence that an altered
progress in endosperm differentiation is a general phenome-
non in crosses between parents with differing ploidy or
differing endosperm balance number (EBN). We conclude
that this alteration disrupts the coordination of growth of the
tissues involved in seed development, and that this is caused
by the shifts in the initial quantity of cytoplasm per chromo-
some set (cytoplasmic/nuclear ratio). We further review
evidence suggesting that semi-autonomy of cytoplasmic
growth, and dependence of differentiation on an increase in
the cytoplasmic/nuclear ratio, constitute an intracellular
mechanism for the timing of differentiation that is general
for plants and animals. We discuss why paternal genomic
imprinting alone cannot explain the altered progress of
endosperm differentiation, and in the light of the proposed
timer of differentiation, we present explanations for observa-
tions on endosperm development that were interpreted as
being due to imprinting. Finally, we demonstrate, with a
mammalian example, that imprinting can alter the extent of
cell proliferation if the imprinted gene, if inactivated or
overexpressed, alters the rate of cytoplasmic growth.
To facilitate the presentation, we will use the term
‘‘nuclear genome’’ with the meaning of ‘‘chromosome set’’.Altered progress in endosperm differentiation
O. hookeri (von Wangenheim, 1962) and Arabidopsis
thaliana (Scott et al., 1998) possess nuclear type endo-
sperms. That is, the endosperm begins its development as a
coenocyte and its nuclei divide synchronously until cell
walls are formed. In both species, the disturbances in
diploid–tetraploid crosses are less drastic than in otherspecies so that triploid seedlings are easily obtained and
detailed studies on seed development could be done.
As mentioned in Introduction, the endosperms of the
reciprocal diploid–tetraploid crosses with Oenothera are
both triploid. With Arabidopsis (Polygonum type embryo
sac), these endosperms are either pentaploid or tetraploid.
Despite these differences in ploidy, the deviations from
normal seed development are virtually the same in both
species: in the cross with a tetraploid female and a diploid
male, the period of growth stimulation upon maternal tissues
is shortened, the initiation of cell wall formation is early, cell
proliferation ceases early, and the seeds are small but plump.
In the reciprocal cross with a diploid female and a tetraploid
male, the period of endospermal growth stimulation upon the
maternal tissues is prolonged, cellularization is delayed, cell
proliferation continues longer than in normal endosperms,
and the seeds are larger but less filled. In Oenothera, it was
shown that in the cross with a tetraploid female, the initiation
of cell wall formation occurred two cell cycles earlier than in
the normal endosperms of the crosses at the diploid or
tetraploid level and the number of endosperm nuclei counted
in maturing seeds were 1600–1800 compared to 5500 in a
normal diploid endosperm, whereas in the cross with diploid
females, cellularization was initiated two cell cycles later
than in the controls and 13,000 nuclei were counted (von
Wangenheim, 1962). In Arabidopsis, Scott et al. (1998)
increased the quantitative differences between the parents
by crossing diploids with hexaploids which enhanced the
deviations from normal so much that the resulting seeds were
no longer able to germinate.
Delay and acceleration of endosperm differentiation are
general phenomena in interploidy crosses. In all cases in
which seed development was studied in intraspecific
crosses, corresponding characteristics were observed. These
occur in the cross with the polyploid parent being the
female: early cellularization of nuclear type endosperms,
smaller and less vacuolated cells, early starch accumulation,
and small plump seeds. In the reciprocal cross the following
occur: delayed cellularization even in cellular type endo-
sperms, larger and more vacuolated endosperm cells with a
tendency to form embryonic structures, late starch accumu-
lation, and less filled and shriveled seeds (Galium Mollugo:
Fagerlind, 1937; Brassica: Howard, 1939; Nishiyama and
Inomata, 1966; Nasturtium: Howard, 1947; Lycopersicon:
Cooper and Brink, 1945; Secale: Ha˚kansson and Ellerstro¨m,
1950; Zea: Cooper, 1951; Leblanc et al., 2002; Galeopsis:
Ha˚kansson, 1952; Hordeum: Ha˚kansson, 1953; Ranunculus:
Rutishauser, 1954; Solanum: von Wangenheim, 1957, 1967;
Panicum: Martı´nez-Reyna and Vogel, 2002).
Between species, however, differences in the genomic
‘‘strength’’ or ‘‘effectiveness’’ with respect to seed and
endosperm development (Stephens, 1942; von Wangenheim,
1957) occur as is expressed by the ‘‘endosperm balance
number’’ EBN (Johnston et al., 1980). This term describes
the phenomenon that interploidy crosses may develop well,
but crosses at the same ploidy levels may fail. For example,
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Solanum acaule and S. stoloniferum behave like diploids and
thus possess an EBN of 2. If they are crossed with diploid
(EBN2) Solanum species, or if they are made octaploid
(EBN4) and crossed with tetraploid (EBN4) S. tuberosum,
endosperm and seed development are normal. However, if
tetraploid S. acaule or tetraploid S. stoloniferum are crossed
as females with tetraploid S. tuberosum, seed development
fails with the characteristics of delayed endosperm differen-
tiation, whereas in the reciprocal cross with S. stoloniferum,
seed development fails with the characteristics of accelerated
endosperm differentiation (von Wangenheim, 1954, 1957).
In an attempt to reveal the genetic basis of EBN, Ehlen-
feldt and Hanneman (1988) produced exceptional diploid
hybrids between the diploid Solanum species S. chacoense
(EBN2) and S. commersonii (EBN1) by a large number of
pollinations. The result of self-pollinations of these hybrids
and reciprocal backcrosses to both parents fitted to a model
of three unlinked loci. Since the segregation ratios were
similar whether the hybrid was used as male or female, the
results are consistent with the maternal and paternal EBN
genes being identical.
Corresponding EBN shifts with characteristics of delayed
or accelerated endosperm differentiation were reported from
Gossypium (Stephens, 1942), Lycopersicon (Cooper and
Brink, 1945), Primula (Valentine and Woodell, 1963),
Datura (Sansome et al., 1942), Medicago (Lesins, 1961),
Triticum (Gill and Waines, 1978), and Avena (Nishiyama
and Yabuno, 1978).
The conclusion from these observations is that seed
failure in crosses between parents with differing ploidy or
differing EBN is due to altered progression of endosperm
differentiation, unless caused by species specific differences
such as inhibition of pollen tube growth in the cross of S.
tuberosum with S. acaule as the pollinator (von Wangen-
heim, 1954) or in the cross of S. chacoense with S.
commersonii as the pollinator (Ehlenfeldt and Ortiz, 1995).Fig. 1. Schematic presentation of the presumed effect of (A) changes in the
initial cytoplasmic/nuclear ratio and (B) of differences in the net increase in
cytoplasm per cell cycle on the number of cell cycles to be passed through.
The level of seven arbitrary units of cytoplasm per nuclear chromosome set
(ordinate) is taken to trigger differentiation. (A) If the initial cytoplasmic/
nuclear ratio is changed and the net increase in cytoplasm per cell cycle is
10% of the previous cycle, it is seen that with an initial ratio of two, for
example, in the endosperm of a 2x  4x cross in O. hookeri, 13 cell cycles
are needed before the intermediate differentiation step of cellularization is
induced, whereas with an initial ratio of four, for example, in the reciprocal
cross, less than six cell cycles are needed. (B) If the initial cytoplasmic/
nuclear ratio stays constant but the net increase in cytoplasm per cell cycle
is lowered from 19% to 7%, it is seen that the number of cell cycles needed
before differentiation is triggered increases from five to 12 cycles. Modified
from von Wangenheim and Peterson (1998) with permission from Elsevier
Science. *Net increase in cytoplasm per cell cycle in percent of the previous
cycle.A mechanism for intracellular timing of differentiation
and control of cell amplification
Evidence from endosperm development: the effect of
altering the initial cytoplasmic/nuclear ratio
As mentioned before, the sperm transfer during fertiliza-
tion only very little or no cytoplasm. To see whether this has
a bearing on endosperm development, the volume of cyto-
plasm, without central vacuole, was measured from serial
microtome sections of unfertilized embryo sacs and of young
endosperms of O. hookeri (von Wangenheim, 1967). The
data showed that tetraploid females provide twice as much
cytoplasm for endosperm development as diploid females.
Thus, the triploid endosperms of the cross with tetraploid
females and diploid males initiate their development with
twice as much cytoplasm per nuclear genome as the triploidendosperms in the reciprocal cross, whereas the normal
endosperms at diploid or tetraploid levels are intermediate.
Although there was a general increase in cytoplasm, the
difference of 1:2 in the reciprocal crosses persisted at least up
to the fifth coenocytic division following fertilization, that is,
shortly before cellularization occurred in the 4x  2x cross.
According to the nucleocytoplasmic ratio theory of Hert-
wig (1908), an increase in the amount of cytoplasm triggers
the entrance into mitosis. If that was true, the differences in
cytoplasmic volume in the reciprocal crosses would soon be
eliminated by shortening or lengthening, respectively, of the
cell cycle. It has been calculated, in addition, that these
differences would no longer be measurable after the fifth
division if the growth of cytoplasm is assumed to depend
directly on a limited capacity of the nucleus. The conclusion
was, therefore, that the cells are unable to normalize the
cytoplasmic/nuclear ratio in a direct way because the cyto-
plasm grows semi-autonomously, that is independent of
nuclear ploidy, and that the progress in endosperm differen-
tiation depends on a certain higher cytoplasmic/nuclear ratio.
Thus, to reach this level, the cytoplasm must grow at a rate
per cell cycle that more than doubles its amount. Hence, if
this rate stays constant and the initial cytoplasmic/nuclear
ratio is lowered such as in an intraspecific 2x  4x cross, the
number of cell cycles (amplification divisions) passed
through before cellularization and terminal differentiation is
increased, whereas this number is decreased if the initial
cytoplasmic/nuclear ratio is elevated such as in the reciprocal
cross (Fig. 1A). Consistent with this conclusion is the
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determinants in the megagametophyte relative to the primary
endosperm nucleus may be involved in the ploidy barrier of
hybridization.
Evidence from gene inactivation in mice: the effect of
altering the cytoplasmic growth rate
In addition to the initial cytoplasmic/nuclear ratio, the
cytoplasmic growth rate per cell cycle must be involved in
determining the number of amplification divisions (Fig. 1B).
This was demonstrated by more or less drastic deviations
from normal development that occurred in experiments with
mice when cell cycle-regulating genes were inactivated.
Cell cycle-regulating genes are tissue specific and redun-
dant. Thus, the effect of inactivating these genes is seen only
in certain tissues and is less drastic than might be expected
because the loss in one gene activity is compensated, to some
extent, by genes with similar mode of action. There are
negative cell cycle-regulating genes which prevent in their
active form the G1/S transition, and positive regulators
which, when active, promote the G1/S transition. A survey
of gene inactivation experiments revealed that the inactiva-
tion of negative cell cycle-regulating genes increases the
number of amplification divisions, whereas the inactivation
of positive regulators reduces this number (von Wangenheim
and Peterson, 2001). This indicates that in the former case
shortening of the G1 phase of the cell cycle persistently
decreases the cytoplasmic growth rate, whereas in the latter
case this rate is persistently increased due to G1 prolongation.
It has indeed been shown that shortening of G1 either by
inactivating the negative regulator RB (Herrera et al., 1996)
or by overexpression of the positive regulators cyclin D1 and
E (Ohtsubo and Roberts, 1993; Quelle et al., 1993; Resnitzky
and Reed, 1995) causes the cell volume to remain small,
reduces serum dependency, and extends cell cycling, where-
as prolongation of G1 by overexpression of the negative
regulators RB, p21, and p27 causes the opposite, that is, cell
enlargement before enhanced appearance of terminal differ-
entiation (Kranenburg et al., 1995; Liu et al., 1996).
A consequence is that the expression of the SV40 large
T antigen which inhibits the negative cell cycle regulators
of the RB family, and similarly other viral oncogenes, are
not only suited to stimulate cell cycle re-entry of terminally
differentiated cells (Cardoso and Leonhardt, 2002) but
must be expected to maintain also a low level of the
cytoplasmic/nuclear ratio and thus to prevent or delay
differentiation. On the other hand, overexpression of the
negative cell cycle regulators p18 or p27 slows the cell
cycle, and in the presence of thyroid hormone, accelerates
oligodendrocyte differentiation (Tokumoto et al., 2002). A
linkage between cell cycle control and progression of cell
differentiation has also been reported in Arabidopsis by
Blilou et al. (2002). Negative and positive cell cycle
regulating genes are referred to as tumor suppressor genes
and oncogenes, respectively (Harris, 2004).Evidence from other experimental interventions in the
cytoplasmic/nuclear ratio
The haploid syndrome of amphibia was the first obser-
vation that indicated the involvement of quantitative rela-
tions between cytoplasm and nucleus in development. This
syndrome occurs if haploids are produced from normal eggs
with female or male pronuclei so that the initial cytoplasmic/
nuclear ratio is doubled. Some of this increase was shown to
persist to the post gastrula stage (Porter, 1939). During
development, abnormally short medullary plates are formed
and deficiencies in the gut, central nervous system, sense
organs, pronephros, and cardiovascular system indicate a
reduction in the number of amplification divisions. The
haploid syndrome, thus, corresponds to the endosperm
development in the 4x  2x cross of flowering plants.
When the cytoplasmic/nuclear ratio was reduced by pro-
ducing haploids from naturally occurring small eggs or egg
fragments, or if a transplanted haploid nucleus doubled
spontaneously, the development was improved (Brachet,
1957; Briggs and King, 1959). In fish, the haploid syndrome
is prevented by doubling the haploid genome due to spindle
inhibition during meiosis II or during the first division
following fertilization and removal or inactivation of the
pronucleus of one sex. Since there is no cytoplasmic growth
in the mature egg and during the cleavage divisions, the
normal cytoplasmic/nuclear ratio is restored and routinely
healthy homozygous monoparental offspring is obtained
(Corley-Smith et al., 1996; Felip et al., 1999; Gillespie
and Armstrong, 1981; Streisinger et al., 1981). As demon-
strated below, with the p57Kip2 gene in mice, the extent of
proliferation can be altered by a parentally imprinted gene if
it interferes with the proposed timer of differentiation. If
such a gene had been present, however, this would have
shown up in the diploid monoparental offspring. Imprinting,
thus, does not appear to be involved in the haploid syn-
drome, which is, thus, another example to demonstrate that
an elevation of the initial cytoplasmic/nuclear ratio suffices
to reduce the extent of cell cycling.
The dependence of progress in differentiation on an
increase in the cytoplasmic/nuclear ratio is demonstrated
by the phenomenon of enhanced (or induced) terminal
differentiation. Ionizing radiation and certain chemical
agents cause a temporary break in the nuclear cycle while
cytoplasmic growth continues so that the cells increase in
size and mass (Conlon et al., 2001; Mitchison, 1971) and in
content of cytoplasmic membranous organelles (von Wan-
genheim, 1975; von Wangenheim et al., 1995). Provided
that the mitogenic activity, for example, in cell culture, is
not too high and cytoplasmic growth is not inhibited
(Schwenke et al., 1995, 1996; von Wangenheim et al.,
1995), normal as well as neoplastic cells respond by
enhancing differentiation. Differentiation-inducing chemical
agents that are definitely known to cause a temporary break
in the nuclear cycle and to cause excess cytoplasmic growth
are cytosine arabinoside (Pallavicini, 1986), herbimycin A
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1991), camptothecin (Aller et al., 1992), and aphidicolin
(Conlon et al., 2001; Krystal et al., 1994). Recently, it was
demonstrated that even very low doses of ionizing radiation
are capable of enhancing differentiation in urothelial cells
(Belyakov et al., 2002).
The reason of cytoplasmic semi-autonomy
The mitochondria are known to be semi-autonomous
organelles. It was for example reported that, (i) induced
differentiation is correlated with an increase in mitochon-
drial mass (Mancini et al., 1997; Reipert et al., 1995), (ii)
induction of differentiation is prevented if the mitochondrial
protein synthesis is suppressed by chloramphenicol (Kaneko
et al., 1988), (iii) mitochondrial DNA (mtDNA) is much less
sensitive to ionizing radiation and to the chemical differen-
tiation inducer cytosine arabinoside than nuclear DNA
(Baugnet-Mahieu et al., 1970; Pallavicini, 1986), and (iv)
destruction of mtDNA inhibits differentiation but not pro-
liferation (Herzberg et al., 1993). An early conclusion was
therefore that semi-autonomy of cytoplasmic growth
depends on the mitochondria and that mtDNA plays a
special role in differentiation (von Wangenheim and Peter-
son, 1998). Yet, this was not confirmed. Mouse embryos
that are homozygous for a deficiency in the gene for the
mitochondrial transcription factor A are virtually devoid of
mtDNA and are still able to proceed through implantation
and gastrulation. In their cells, however, they contain
increased amounts of enlarged mitochondria with disorga-
nized cristae. Similarly, the development of heterozygotes is
almost normal although the mtDNA copy numbers are
reduced by 34% (Larsson et al., 1998). This suggested that
neither semi-autonomy of cytoplasmic growth does depend
on mtDNA, nor that a specific content of mtDNA is
required for normal differentiation, although the mitochon-
drial and the nuclear genetic systems are extensively inte-
grated (Auger et al., 2001). We conclude, thus, that the
mitochondrial membrane structures and perhaps also the
membranes of other cytoplasmic structures confer semi-
autonomy to cytoplasmic growth and are required in certain
quantities for differentiation (von Wangenheim and Peter-
son, 2001). The importance of cellularly inherited templates
of membranes and tubules to the development of cell
structures has been demonstrated by Sonneborn (1970).
Cytoplasmic membrane structures, such as mitochondria,
plastids, Golgi apparatus, peroxysomes, and endoplasmic
reticulum (ER), are needed during the process of differen-
tiation to equip the cells with facilities to fulfill the specific
tasks they were determined to perform. Thus, depending on
the cell type, different amounts of each kind are required for
varying length of time. Muscle cells, for example, need
much mitochondria, and the ER is vastly abundant in
exocrine pancreatic secretory cells where the demand for
secretion is enormous, whereas during erythropoiesis, the
membrane structures, including the ER, are needed only upto the reticulocyte stage (Bolender, 1974; Nunnari and
Walter, 1996). Embryonic cells and stem cells, however,
contain little cytoplasm with only few copies of each of the
cytoplasmic structures. This is, apparently, the reason why
the cytoplasmic/nuclear ratio must increase for differentia-
tion to proceed. Yet, the cells are unable to synthesize these
structures de novo. Instead, they must be grown from pre-
existing structures or templates (Nunnari and Walter, 1996;
Warren and Wickner, 1996). This appears to be the reason
why the cytoplasm grows semi-autonomously. Thus, the
only feasible way to provide the amount of membranous
cytoplasmic structures required for differentiation is to grow
more cytoplasm per cell cycle than needed for a doubling.
A way to trigger differentiation, to determine the cell size,
and to alter the EBN
To provide an idea how terminal differentiation and
cessation of cell cycling are triggered and why the size of
a cell depends on its ploidy, we proposed in correspondence
with observations in the unicellular alga Acetabularia (Zet-
sche, 1964, 1966) and a suggestion of Mancini et al. (1997)
that there is a short-lived protein that prevents differentiation
and must be diluted out by cytoplasmic membrane struc-
tures (von Wangenheim and Peterson, 2001). This dilution
can occur if the synthesis of the protein is limited by the
number of nuclear alleles coding for it and which is, thus,
fixed by the cell’s ploidy. The membrane structures, on the
other hand, can grow exponentially until the shortage of the
protein alters the membrane functions in such a way that
differentiation is triggered and cell proliferation ceases.
Thus, the size of a cell is coupled to its ploidy. In animals,
a promising candidate for the proposed protein is Bcl-2
since it is known not only to prevent apoptosis, but also to
prevent differentiation, and that it is distributed predomi-
nantly in the membranes of mitochondria, the endoplasmic
reticulum, and the nuclear envelope (Krajewski et al., 1993;
Riparbelli et al., 1995). As was discussed earlier (von
Wangenheim and Peterson, 1998), decrease in Bcl-2 alters
membrane functions, and prevention of differentiation by a
short-lived protein is indicated by the observation that
terminal differentiation can be induced by treatment with
actinomycin D or cycloheximide, or by enucleation.
In correspondence with this, Bcl-2-deficient mice are
growth retarded and deficient in various organs (Nakayama
et al., 1994; Veis et al., 1993) which indicates that the number
of amplification divisions in these organs is insufficient. We
suggest that the protein substituting Bcl-2 is less active so that
fewer membrane structures are needed for its dilution. Hence,
the level of the cytoplasmic/nuclear ratio to be reached for
triggering terminal differentiation (seven arbitrary units in
Fig. 1) is lowered, the cells will remain smaller and fewer
amplification divisions are passed through.
This may also explain how the endosperm balance number
(EBN) is altered. Bcl-2 has not yet been detected in plants.
However, the observations of Zetsche (1966) in Acetabularia
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protein that must be diluted to allow differentiation to occur
and which, due to mutation, can be reduced in its amount or
its half-life so that less cytoplasm is needed for differentia-
tion. Indeed, the cells and apparently also the chromosomes
of the tetraploid Solanum acaule (EBN2) and the tetraploid S.
stoloniferum (EBN2) are smaller than those of the tetraploid
S. tuberosum (EBN4) (Lamm, 1945; von Wangenheim,
1954). This suggests that both the tetraploid wild species
need only half as much cytoplasm per nuclear genome for
normal endosperm development and that for this reason their
genomes (and their cytoplasm) must be doubled to allow
normal seed development in crosses with S. tuberosum. As
discussed below, the endosperm size factors (Efs) must be
involved in altering the EBN.Other interpretations and possible explanations by the
proposed intracellular timer
The maternal contribution of cytoplasm to endosperm
development
Lin (1984) considered the suggestion (von Wangenheim,
1957) very unlikely that the altered cytoplasmic/nuclear
relations in the endosperm of interploidy crosses is the
cause of seed failure. By use of the ig gene in maize
(Kermicle, 1969, 1971) which generates varying numbers
of polar nuclei that are included in the nucleus of the first
endosperm cell, he produced endospermal combinations of
female and male genomes ranging from 1x:1x to 6x:2x
(female/male). Only the ratios of the 2x:1x and 4x:2x gave
rise to normal seed development which in maize are the
normal ratios in crosses at the diploid and tetraploid levels.
Lin concluded that the normal development of the 4x:2x
endosperms from the cross between a diploid ig/ig female
and a tetraploid wild-type male contradicts the supposition
of interaction between cytoplasm and nucleus because the
female is diploid and would contribute an amount of
cytoplasm that ‘‘balances’’ only a triploid nucleus, but not
a hexaploid nucleus. Yet, contrary to Lin’s assumption, the
amount of cytoplasm contributed by the female is not
directly determined by its ploidy but is expected to depend
on the number and ploidy of the polar nuclei contributed to
endosperm development.
During normal development of a Polygonum type embryo
sac such as in maize, the female gametophyte grows from the
megaspore mother cell by three coenocytic divisions. From
the resulting eight nuclei, two groups of four nuclei locate in
the opposite poles of the embryo sac. Three nuclei from each
group develop into the egg apparatus and the antipodals,
respectively, and one polar nucleus disunites with an accu-
mulation of cytoplasm. Both of these polar nuclei are
initially separated by large vacuoles. Following cell wall
formation, they are enclosed in the central embryo sac cell
and move with their associated cytoplasm towards each other(Lin, 1981; Rutishauser, 1969). After fertilization and fusion
of the polar nuclei, this cell becomes the first endosperm cell.
In ig gametophytes (Huang and Sheridan, 1996; Lin,
1981), the number of coenocytic divisions is irregular and
varying numbers of polar nuclei with associated cytoplasm
are enclosed in the central cell. The amount of cytoplasm
each polar nucleus contributes thereby to endosperm devel-
opment must be expected to depend on its ploidy. This is
seen from the common observation that the size of a cell at a
given state of differentiation is related to its ploidy, and that
in tetraploid O. hookeri, the diploid polar nuclei provide the
central cell with twice as much cytoplasm as the haploid
polar nuclei of diploid females (von Wangenheim, 1967).
In our interpretation, this dependence on ploidy is indirect
since a certain stage of differentiation is reached only if a
certain amount of cytoplasm relative to ploidy is provided.
The meaning of this is illustrated by the development of the
ig gametophytes. Huang and Sheridan (1996) observed at the
micropylar and chalazal poles of the two-nucleated embryo
sac a lack of DNA from mitochondria and plastids and a
deficiency in these organelles in the micropylar cells. In
addition, asynchrony of divisions was observed. This indi-
cates that the ig mutation decreases the rate of cytoplasmic
growth in the developing gametophyte irregularly so that the
amount of cytoplasm needed to stop division and to differ-
entiate the cells of the embryo sac is not always fully reached
during the first three coenocytic divisions, thus causing
additional divisions. A corresponding reduction in the cyto-
plasmic growth rate can be caused by inactivation of a tissue-
specific negative cell cycle-regulating gene (von Wangen-
heim and Peterson, 2001) as described above in mice. After
the coenocytic divisions stop, the amount of cytoplasm ought
to be normal or close to normal so that the amount of
cytoplasm in the 4x:2x endosperm allows normal develop-
ment. This is also suggested by the figures of developing ig
gametophytes presented by Lin (1981) showing a well-
developed cytoplasm surrounding the nuclei at all stages of
embryo sac development. Moreover, all endospermal com-
binations produced and described by Lin (1984) that deviate
from the 2x:1x and 4x:2x proportion gave rise to character-
istics of seed development that correspond to accelerated or
delayed endosperm differentiation as is expected from an
increased or reduced cytoplasmic/nuclear ratio.
Parental genomic imprinting and endosperm size factors
In correspondence with observed imprinting of gene
action in maize endosperm (Kermicle, 1978), Lin (1984)
concluded that the dependence of normal endosperm devel-
opment on the ratios of maternal to paternal genomes of 2:1
is due to parental imprinting. An argument was his state-
ment that in maize the so-called endosperm size factors (Ef)
are only active when they are of paternal origin. Using the
B-A chromosome translocation technique (see Birchler,
1993), Lin (1982) had detected that the long arm of
chromosome 10 (10L) contains four Ef regions. From the
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sperm types that had the same chromosome constitution but
differed in the parentage of 10L. One type contained two
maternal and two paternal 10Ls (2m:2p) and the other type
contained four maternal 10Ls but no paternal 10L (4m:0p).
Whereas the former type gave rise to normal sized kernels,
the latter type produced kernels with subnormal size. A third
endosperm type possessed only two maternal 10Ls (2m:0p)
and produced subnormal kernels. Since Lin observed in his
material that the endosperm was subnormal if a paternal
copy of 10L was missing, no matter how many maternal
copies were present such as in the 4m:0p and the 2m:0p
constitutions, he concluded that the parental source of 10L
is responsible for the differences in endosperm growth and
that the Efs function only when they are paternally inherited.
The latter, however, was not confirmed. In Lin’s view, the
Efs are individual factors that cumulatively produce the
ploidy hybridization barrier.
Birchler (1993) performed extensive experiments to elu-
cidate the significance of gene dosage in maize endosperm
development which are summarized in a comprehensive
review. By the B-A translocation technique, it was detected
that at least seven chromosome arms contain genes (Efs) that
cause the small kernel phenotype in the deficient class.
Birchler (1979) produced a dosage series from the long arm
of chromosome 1 that gave the same results as those obtained
by Lin (1982) with 10L, except that in the 4m:0p class, the
kernels were significantly smaller than in the 2m:0p class. He
detected this effect of increased numbers of maternal copies
also with the four other chromosome arms that were inves-
tigated, including 10L. Thus, not only did the extra maternal
copies not correct the phenotype, the endosperm was even
more defective. This suggested that at least some maternally
derived alleles affecting the endosperm size are functional.
Further research on the interaction of different Efs (Birchler
andHart, 1987) revealed that the Efs are not only required as a
paternal contribution to normal endosperm development but
have also the ability to enhance the small kernel phenotype of
their own or other Efs when introduced as extra copies
maternally. It was observed, moreover, that when more Efs
are included in a B-A translocation and are absent in the
paternal contribution to the endosperm, the effect becomes so
detrimental that it approaches the effect of interploidy crosses
(Birchler, 1993). This strengthened the view that the maternal
and paternal effects are due to the same set of genes, that these
genes are identical with the genes that cause the differences in
EBN (Ehlenfeldt and Hanneman, 1988), and that the Efs are
the basis of the ploidy hybridization barrier when acting
cumulatively (Birchler, 1993).
The mode of Ef action
As shown in the first section of this paper, the ploidy
hybridization barrier is caused by an altered progress in
endosperm differentiation. Maize is no exception. This is
seen from the studies of Cooper (1951) and is confirmed bythe observation of Leblanc et al. (2002) that the occurrence
of endoreduplication is early if a tetraploid female is crossed
with a diploid male, but delayed in the reciprocal cross.
With maize, it must be considered, however, that in its large
persisting endosperm, many more amplification divisions
need to be passed through than in Oenothera and Arabi-
dopsis. Thus, it must be expected that the maize endosperm
is more sensitive to shifts in the progress of differentiation
than both the other species. To illustrate this: under the
conditions of Fig. 1B, it can be calculated that in the range
of only eight or nine divisions, a change in the net increase
in cytoplasm as small as 1% (11 vs. 10%) is likely to add or
to lose, respectively, one amplification division (von Wan-
genheim and Peterson, 2001). When more divisions are
required for normal endosperm development, even smaller
changes in the net increase in cytoplasm, and also in the
initial cytoplasmic/nuclear ratio, must have significant
effects on endosperm size.
A nearby suggestion is, thus, that the small kernel pheno-
type in maize is due to a reduced number of amplification
divisions in the endosperm. One possibility to achieve this is
an increased cytoplasmic growth rate per cycle, which can be
caused by aneuploidy that is typical for the B-A translocation
crosses. As shown in radiation experiments, the loss of a
single chromosome fragment suffices to slow down cell
proliferation (Joshi et al., 1982), which is expected to increase
the cytoplasmic growth rate with consequent enhancement of
differentiation, and which is assumed to be the reason of late
radiation damage and of aging by impairing the cell renewal
systems (von Wangenheim and Peterson, 1998, 2001). A
similar effect may have the addition of chromosome frag-
ments by upsetting the regulatory system of gene activity
(Birchler et al., 2001). This could per se explain the small
kernel phenotype of the 4m:0p endosperm type. The involve-
ment of aneuploidy with this phenotype was proposed by
Birchler and Hart (1987) from their Ef interaction studies.
However, the kernel weight is normal in the 2m:2p type
endosperm (Lin, 1984) although the degree in aneuploidy is
the same as in the 4m:0p type. An explanation of this
apparent contradiction can be given by a second way of
altering the number of endospermal amplification divisions.
If it is accepted that the sum of Efs in a genome is the basis
of the ploidy hybridization barrier, the assumption is near at
hand that each of the individual Efs adds to the cellular
activity that increases the cell size and thus determines the
amount of cytoplasm needed for differentiation of the
central cell and of the endosperm cells. Hence, if our
assumptions are right, extra maternal Efs such as in the
4m:0p type increase the initial cytoplasmic/nuclear ratio
slightly which must be expected to be sufficient to skip
some divisions in the endosperm (see Fig. 1A) if the
presumed sensitivity of the maize endosperm is considered.
This adds, thus, to the effect of aneuploidy.
If this is true, however, the insertion of extra Ef copies on
the paternal side such as in the 2m:2p type endosperm is
expected to cause the reverse, that is, a decrease in the initial
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equivalents of cytoplasm. This ought to cause additional
amplification divisions such as observed in the whole ploidy
2x  4x cross in Arabidopsis and which caused the seed
weight to increase by 40% above that of the 4x  4x cross
(Scott et al., 1998). Since in maize the kernel weight of the
2m:2p type endosperm did not increase above normal, this
suggests that the effects of aneuploidy and additional pater-
nal Efs are antagonistic.
Birchler (1993) posed the question, why in B-A translo-
cation crosses an increased maternal contribution is more
severe to kernel growth than an increased paternal contri-
bution, whereas in whole ploidy crosses, the endosperms
with excess maternal dosage progress further in develop-
ment than those with excess paternal dosage. As is seen
from the experiments of Scott et al. (1998), the shifts in
endosperm differentiation become also in Arabidopsis so
severe that the seeds die before completing development
when diploid and hexaploid parents are crossed. Thus, the
detrimental effect of shifts in the progression of endosperm
differentiation does not only depend on the number of
endospermal amplification divisions needed for normal
differentiation, but also on the difference in effective ploidy
of the parents. In a B-A translocation cross in maize with
excess paternal Efs, however, the difference in effective
ploidy concerns only a fraction of Efs from a whole genome
and must be expected to be so low that the few additional
amplification divisions still allow normal endosperm differ-
entiation and, thus, to increase the kernel weight if there was
no antagonistic effect of aneuploidy.
Imprintable loci and Ef action
Baroux et al. (2002) and Vinkenoog et al. (2003) review
recent data on genomic imprinting and its role in seed
development. In the model presented by Vinkenoog et al.
(2003), endosperm growth is affected by two kinds of
imprintable loci specific either for promotion or inhibition
of cell proliferation. During gametogenesis, the promoting
loci are silenced by imprinting on the maternal side, whereas
the inhibiting loci are silenced on the paternal side. Since in
diploid Arabidopsis, the females provide two genomes to
endosperm development and the males provide one genome,
normal development occurs with two maternal doses of
active inhibiting loci and one dose of paternal active pro-
moting loci, that is, when the ratio between inhibiting and
promoting loci is 2:1. Thus, in a cross between diploid
females and autotetraploid males, for example, this ratio gets
to 2:2, so that the proportion of promoting loci is doubled
with the result of overproliferation. In the reciprocal cross,
this ratio gets to 4:1 so that the proportion of female
inhibiting loci is doubled and proliferation is retarded.
A candidate for the imprintable loci in this model are the
endosperm size factors (Efs). If it is true that the Efs are the
basis of the ploidy hybridization barrier when acting cumu-
latively (Birchler, 1993), and also the suggestion from boththe foregoing sections that the Efs are involved in deter-
mining the amount of cytoplasm required by the central cell
and its progeny of endosperm cells for differentiation, no
imprinting is needed to explain the aberrant endosperm
development: the same Efs, when added on the female side,
increase the initial cytoplasmic/nuclear ratio; when added on
the male side, they decrease this ratio with the consequence
of retarding or promoting proliferation, respectively, as
depicted in Fig. 1A.
Imprinting and the effect of demethylation on EBN
The effect of demethylation is assumed to be an argu-
ment in favor of parental imprinting. Since demethylation
was expected to erase existing imprints (Baroux et al., 2002;
Vinkenoog et al., 2003), Adams et al. (2000) examined seed
development in crosses with a diploid Arabidopsis line with
DNA methylation reduced by a methyltransferase 1 anti-
sense (MET1 a/s) transgene. If this line was used in
reciprocal crosses with diploid wild-type plants, endosperm
differentiation was almost as much delayed or accelerated,
respectively, as in reciprocal 2x–4x wild-type crosses. In
terms of the model (Vinkenoog et al., 2003), the erasure of
imprints activates the silenced promoting loci in the deme-
thylated females and the silenced proliferation inhibiting
loci in the demethylated males so that proliferation is either
promoted or retarded, depending on the direction of the
cross. However, doubts in this explanation arise from the
outcome of the cross in which both parents were demethy-
lated. As discussed by Vinkenoog et al. (2003), the endo-
sperm should receive in that case two additional doses of
maternal reactivated promoting loci but only one dose of
paternal reactivated inhibiting loci so that the excess of
proliferation promoting loci should result in a paternal
excess phenotype with large seeds. Instead, the seeds
closely resembled wild-type seeds with a tendency even to
the opposite maternal excess phenotype. The authors argue
that these contradicting observations might be due to irreg-
ularities involved with demethylation. Global demethylation
is indeed known to cause irregularities and misregulation of
genes (Baroux et al., 2002; Vinkenoog et al., 2003) and
mutations (Finnegan et al., 1996). Thus, an alternative
explanation is that demethylation damages Efs. If the Efs
(or similarly acting genes) are reduced in number or in
activity, this reduces, if our conclusions are right, the EBN
with its typical effect in reciprocal crosses with wild-type
plants. This should lead to normal endosperm development,
however, if both parents are demethylated which was
actually observed if it is considered that demethylation has
other detrimental effects (Finnegan et al., 1996) that may
also cause slight deviations in endosperm development.
Imprinting and the action of FIS genes
Another argument assumed to be in favor of parental
genomic imprinting, as reviewed by Baroux et al. (2002)
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Arabidopsis which suggest that the three FIS genes ME-
DEA/fertilization-independent seed-1(FIS1)/EMB173, fertil-
ization-independent seed 2 (FIS2), and fertilization-
independent endosperm (FIE) FIS3 are paternally imprinted
in the endosperm. Common to these genes is that mutated
alleles confer fertilization-independent proliferation of the
central embryo sac cell with mitotic stimulation of female
tissues and autonomous endosperm development. The latter
is incomplete and in the case of fie, it does not reach the
phase of cellularization. If females carrying a FIE mutation
are mated with diploid wild-type males, the endosperm
overproliferates with suppressed cellularization typical for
the lethal 2x  6x cross in Arabidopsis (Scott et al., 1998);
if the males are hypomethylated, however, seed develop-
ment is almost normal. Moreover, if FIE/fie heterozygous
Arabidopsis plants are hypomethylated, the unfertilized
presumably fie carrying central cells develop endosperms
that autonomously cellularize and advance much further so
that the resulting seeds resemble sexually produced seeds
(Vinkenoog et al., 2000). The authors propose, as a possi-
bility, that the autonomous proliferation of unfertilized
central cells and endosperm development can occur because
the loss of the wild-type FIS protein derepresses the mater-
nally imprinted proliferation promoting gene activity. As a
consequence, the endosperm would overproliferate if such
females are crossed with wild-type males that add with their
sperm one dose of active proliferation promoting loci. Thus,
the development would improve if the fertilization occurs
by sperm in which, due to hypomethylation, the male
proliferation inhibiting loci is reactivated. For the improved
development of unfertilized fie central cells on hypomethy-
lated females, the authors suggest, as a possible explanation,
that some genes necessary for full endosperm development
are maternally imprinted, and that this is mediated by
methylation. Demethylation, thus, would lead to activation
of these genes, which would, in effect, supply the missing
paternal genome.
To us, a point of doubt is the suggestion that the FIS
wild-type proteins repress proliferation promoting loci. As
shown by Vielle-Calzada et al. (1999) with MEDEA, this
gene is maternally expressed during the free nuclear phase
of endosperm development when the nuclei are actively
proliferating, whereas its expression is suspended during
cellularization when proliferation ceases and silencing of
proliferation promoting loci is required. As an alternative
explanation, we propose the following: a mature central
embryo sac cell is terminally differentiated and needs a
mitogenic stimulus to remove its proliferation barrier raised
by differentiation. Many plant cells, and in the mammals the
egg and the terminally differentiated cells of the flexible
type cell renewal systems, require a mitogenic stimulus to
initiate dedifferentiation and to become mitotically active
again (see von Wangenheim and Peterson, 1998). The
mutations of the FIS genes prevent that the central cell
reaches this stage of differentiation so that proliferationcontinues without the mitogenic stimulus of fertilization.
This situation is similar to the ig gametophytes of maize
mentioned above in which, apparently, a reduced cytoplas-
mic growth rate retards differentiation so that additional
cycles occur. The mutations of the FIS genes, however,
prevent terminal differentiation of the central cell at all. We
propose, therefore, that the FIS mutations are specific to the
central embryo sac cell and the endosperm, and are detri-
mental to the synthesis of gene products involved in creating
the cytoplasmic milieu required for endosperm differentia-
tion. We expect, thus, that the amount of effective cytoplasm
in the fis central cells is low so that the initial cytoplasmic/
nuclear ratio in a cross with a diploid wild-type male gets
that low that the endosperm differentiation is severely
delayed. Thus, as observed, we expect the endosperm
development to be improved if pollination occurs by a
hypomethylated male which, in our interpretation, has a
reduced EBN. Similarly, we assume that in unfertilized fis
central cells, autonomous endosperm development is im-
proved if their EBN is reduced by demethylation because
this would reduce the cytoplasmic/nuclear ratio required to
reach at intermediate steps of endosperm differentiation
before and during cellularization.
Imprinting and the altered progress in differentiation
Although examples of parental imprinting are known to
occur (Baroux et al., 2002; Vinkenoog et al., 2003), its
contribution to seed failure in interploidy crosses remains
obscure because this failure is not simply due to a break-
down of the endosperm. Instead, as seen in Oenothera and
Arabidopsis, the endosperms of reciprocal 2x–4x crosses
can under favorable conditions reach normal stages of
differentiation, but either delayed or accelerated so that
more or fewer amplification divisions, respectively, are
passed through. If this were due to parental imprinting, still
another mechanism is needed that shifts, for example, the
proportion of active (non-imprinted) proliferation promoting
and proliferation inhibiting loci successively towards a
proportion which somehow initiates the execution of differ-
entiation when a certain number of amplification divisions
has been passed through. In our view, it is rather difficult to
imagine such a mechanism.
A mammalian example demonstrates, however, that im-
printing can alter the extent of cell proliferation by interfer-
ence with the proposed timer of differentiation. In mice, the
attempts failed to produce diploid monoparental offspring by
the same methods used in amphibia and fish, or by trans-
plantation of pronuclei. The reason is that during androge-
netic development, the trophoblasts get too large and the
embryos remain small, whereas during gynogenetic devel-
opment, the trophoblasts remain too small and the embryos
get relatively large (Surani, 1987). The trophectoderm cells
are the first differentiated cell type formed during develop-
ment. These cells, and the primary endoderm cells, send
gastrulation initiating signals to the epiblast cells (Surani,
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cells reach terminal differentiation. This indicates that,
similar to the endosperm of reciprocal interploidy crosses,
delay and acceleration of differentiation alter the number of
amplification divisions before trophectoderm differentiation,
thus, altering the trophoblast size and interfering with the
timing of gastrulation. A probable explanation relates to the
evidence from gene inactivation experiments in mice and to
our conclusion explained in the above that the inactivation of
a negative cell cycle-regulating gene reduces the rate of
cytoplasmic growth per cell cycle, whereas its overexpres-
sion increases this rate (von Wangenheim and Peterson,
2001). p57Kip2 is a negative cell cycle regulator gene and
is paternally imprinted both in humans and mice. In mice, its
loss has been reported to cause early deaths after birth due to
defects caused by delayed differentiation, and thus, extended
cell proliferation (Jaenisch, 1997; Yan et al., 1997; Zhang et
al., 1997). Since in the androgenotes both alleles of p57Kip2
are silenced, it is expected that in the trophoblasts, due to a
low rate of cytoplasmic growth, the period of cell prolifer-
ation is prolonged, whereas gynogenotes posses two doses of
active p57Kip2 which is expected to shorten the period of
proliferation due to an increase in the rate of cytoplasmic
growth (see Fig. 1B). Both correspond to the observations of
Surani (1987) in monoparental mouse embryos.
Cytoplasmic quality and seed development
Valentine and Woodell (1963) thought that they had
seriously weakened the hypothesis that altered cytoplasmic/
nuclear ratios cause seed failure because they detected that
two Primula species with altered EBN (P. veris and P. elatior)
do not differ in the quality of their plasmon. Our conclusions
refer only to differences in quantity, however, which applies
also to the inter-EBN crosses since the endosperm develop-
ment can be normalized by doubling the low-EBN parent.
The term plasmon designates all identically reproducing
extranuclear units (Michaelis, 1954) which must involve,
besides the plastids and the mitochondria with their own
DNA, also the other membrane-bounded cytoplasmic organ-
elles because, as mentioned above and described also by
Alberts et al. (1994), the cells cannot construct them de novo.
Valentine and Woodell, thus, demonstrate that in their cases,
the changes that alter the EBN reside in the nuclear genome.
The existence of differences in cytoplasmic quality between
species is demonstrated, for example, by its use of cytoplas-
mic male sterility as a tool in the production of hybrids and
affects also other traits such as kernel size in maize (Allen et
al., 1989).Concluding remarks
The endosperm has advantages as a tool to answer
questions involved with the control of cell proliferation and
differentiation. It is a tissue that grows without meristems; allof its cells, while cycling, pass through intermediate steps of
differentiation until terminal differentiation is reached and
cycling ceases. If this development is followed up in inter-
ploidy crosses, it reveals that the number of amplification
divisions passed through between fertilization, intermediate
stages and terminal differentiation can be varied without
intricate interventions, simply by crossing plants that differ in
ploidy or EBN. Since extracellular signaling from the female
tissues and the embryo are excluded from being the cause of
the altered division numbers, this shows that the cells
(including the nuclei with associated cytoplasm in the free
nuclear phase) posses their own mechanism to count mitotic
cycles. This mechanism must involve the control over the
progress in differentiation since terminal differentiation con-
cludes cell cycling. To explain this control in terms of
parental genomic imprinting is difficult because the ratio
between active proliferation promoting loci and active pro-
liferation inhibiting loci would need a continuous alteration.
Our proposal of an intracellular timer of differentiation does
not involve these difficulties because it presumes that the
phenotypic realization of the specialized cell, defined as
differentiation, requires certain amounts of membranous
cytoplasmic structures per nuclear genome. Since these
amounts cannot be provided by the cells directly, but must
grow with the cytoplasm, a direct consequence is that the
extent of cell proliferation depends on the initial amount of
cytoplasm per nuclear genome and on the rate of cytoplasmic
growth per cell cycle. Parental genomic imprinting can
interfere with this system if genes are involved that alter, if
silenced or overexpressed, the rate of cytoplasmic growth per
cell cycle as is demonstrated above with the p57Kip2 gene in
the development of monoparental mice.
The question has been asked, why, in interploidy crosses,
the embryo is usually less affected than the endosperm
(Scott et al., 1998; Baroux et al., 2002; Vinkenoog et al.,
2003). The reason is that the egg cell is determined to
become a whole plant and, thus, shoot and root meristems
develop with stem cell regions (quiescent centers). In these
centers, similar to the stem cell niches in the hierarchical cell
renewal systems in animals (Potten and Lajtha, 1982),
extracellular signals keep the cytoplasmic/nuclear ratio at
the low level needed to maintain totipotency or pluripotency
(von Wangenheim, 1987).
Many of the developmental processes depend on induc-
tions due to extracellular signaling (Alberts et al., 1994). In
the 4x  2x cross of O. hookeri, for example, growth
stimulation of female tissues is early and ceases early,
whereas the reverse occurs in the reciprocal cross (von
Wangenheim, 1962). The interploidy crosses, thus, demon-
strate that the intracellular timer of differentiation can deter-
mine the interval during which a tissue sends extracellular
signals to other tissues. The same control of extracellular
signaling is indicated in monoparental mouse embryos, as
described above, when the timing of trophoblast differentia-
tion determines the induction of gastrulation. Extracellular
signals can, on the other hand, induce dedifferentiation with
K.-H. von Wangenheim, H.-P. Peterson / Developmental Biology 270 (2004) 277–289 287concurrent decrease in the cytoplasmic/nuclear ratio and
modulate cell production by interference with the rate of
cytoplasmic growth (von Wangenheim and Peterson, 2001).
The latter is also indicated above by mentioning that extra-
cellular signals keep the cytoplasmic/nuclear ratio in the
meristems at a low level.
Harris (2004) poses the question of whether the unrestrict-
ed multiplication of cancer cells is due to a defect in
differentiation. Indeed, as stated earlier (von Wangenheim,
1975; von Wangenheim and Peterson, 1998), any persisting
defect that prevents a net increase in cytoplasm precludes the
differentiation (Fig. 1B), and thus, abrogates an efficient stop
of cell proliferation. This can occur, for example, as described
above, by inactivation of negative cell cycle-regulating genes
or over expression of possitive cell cycle regulating genes. On
the other hand, as shown above with experimental interven-
tions in the cytoplasmic/nuclear ratio, ionizing radiation and
certain chemical agents can increase this ratio and thus induce
differentiation. This may explain how clinically effective
anti-tumor agents induce significant tumor cell differentiation
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